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ABSTRACT
Launching October 2022, the SigNals Of Opportunity P-band Investigation (SNOOPI) is a 6U CubeSat
dedicated to demonstrating spaceborne remote sensing of root zone soil moisture and snow water equivalent
using signals of opportunity. P-band (240-500 MHz) frequencies are required to penetrate dense vegetation
or snow and into the top 200 cm of soil, but this band is heavily subscribed. Rather than transmitting its own
signal SNOOPI will observe reflected signals from the U.S. Navy’s Mobile User Objective System satellites.
This makes planning observations challenging. The point of reflection is a function of both the transmitter
and receiver satellite positions as well as terrain. The direct signal must be observed simultaneously on
the same antenna pattern with sufficient gain. Ionospheric delay must also be accounted for. To satisfy
these requirements and maintain a cadence of one observation per day, the SNOOPI science operations
center at Purdue University has developed custom software for scheduling activities onboard the satellite.
The software is highly automated, involving the user only in the definition of observation targets, priorities,
and giving final approval to the proposed schedule. Orbit, attitude, power, communication, memory, and
observation constraints are handled by a combination of linear programming and pattern search optimization
methods. The purpose of this paper is to describe the challenges of scheduling observations for a signals of
opportunity mission and illustrate how they were solved for SNOOPI.
INTRODUCTION

periment, for example, uses a 435 MHz active radar
and will be prohibited from operating over North
America due to Space Object Tracking Radar operating in the same band. Active techniques such
as those used by BIOMASS and the Soil Moisture
Active Passive (SMAP) mission also require large
antennas that increase the mass, power, and deployment complexity of the mission.2, 3

The SigNals Of Opportunity P-band Investigation (SNOOPI) is scheduled to launch aboard
Cygnus NG-18 in early October 2022 on a mission to demonstrate remote sensing of root zone
soil moisture (RZSM) and snow water equivalent
(SWE) from space using a technique known as signals of opportunity (SoOp). Both RZSM and SWE
are highlighted as key priorities in the 2017-2027
Decadal Survey for Earth Science and Applications
from Space and P-band (200-500 MHz) frequencies
are required to penetrate dense vegetation or snow
and into the top 200 cm of soil.1 Unfortunately, this
band is heavily subscribed. The ESA-BIOMASS exMansell

SoOp provides an alternative approach that
reuses existing satellite broadcasts that are scattered
off the Earth. It does not rely on cooperation from
the transmitting satellites. RZSM/SWE measurements are obtained by correlating the signal received
along the direct path (transmitter-receiver) with
that received along the reflected path (transmitter1
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Earth-receiver). Thus, it is not necessary to decode
the content of the transmission. The Cyclone Global
Navigation Satellite System (CYGNSS) mission has
demonstrated SoOp in L-band,4 but to-date, SoOp
experiments in P-band have been limited to airborne
and tower-based platforms.5–7
NASA selected SNOOPI for the Earth Science
Technology Office’s 2017 InVEST program. The
objective is to advance spaceborne P-band SoOp
to technology readiness level (TRL) 7 by (i) verifying the coherence of the reflected signal over a
variety of surface conditions and terrain, (ii) assessing the effect of radio frequency interference (RFI),
and (iii) validating the function of a prototype SoOp
instrument on an orbital platform. The 6U CubeSat has been under development at the Goddard
Space Flight Center since 2018. The Jet Propulsion
Laboratory provided the P-band instrument, while
Purdue University is providing support in the form
of operations planning and science data processing.
Figure 1 depicts the spacecraft. It is a 3-axis stabilized 3x2U configuration with a single antenna for
each of the two P-band frequencies it is designed to
observe (255 MHz and 370 MHz). Figure 2 illustrates how the antennas will receive both the direct
and reflected signals using a single antenna.

MUOS satellites are on inclined geosynchronous orbits and the point of specular reflection between
SNOOPI and one of the satellites is a function of
both satellite’s position as well as terrain. Moreover, the paths of both the direct and reflected signals change with time during an observation. To
ensure both are received with sufficient gain on one
of SNOOPI’s fixed antennas, attitude slews must
be designed to optimize gain while also satisfying
constraints on slew rate and star tracker pointing.
Scheduling observations is also challenging. To validate SoOp RZSM measurements, SNOOPI will conduct targeted observations of SMAP calibration/validation sites in the continental United States
(CONUS). Scheduling these observations requires
predicting specular point ground tracks to within
9 km accuracy up to 9 days in advance and is subject to additional constraints such as ensuring both
SNOOPI and the specular point are within the same
MUOS spotbeam. On days when calibration/validation overpasses do not occur, other types of observations must be prioritized and planned in their place.
Ground station contacts, slews for communication
pointing, and time for spacecraft charging must also
be fit into the spacecraft’s schedule.
Given a planned cadence of 1 science observation
per day, SNOOPI mission planning must be automated enough to maintain a productive schedule,
sophisticated enough to handle all the constraints,
and adaptable enough to incorporate evolving mission priorities. SNOOPI’s Science Operations Center (SOC) has prepared mission planning software
that meets each of these requirements. This paper
will describe the mission planning challenges posed
by SoOp and how they were solved for SNOOPI. We
begin with a description of the roles of the different organizations involved in the SNOOPI ground
segment. Next, we present the different types of
measurements SNOOPI will conduct and the constraints for each. We will then discuss how measurements are prioritized and scheduled alongside other
spacecraft activities using linear programming. Finally, our approach to optimal slew maneuver design
for SNOOPI using pattern search will be presented.
The entire process begins with user input on weekly
observation targets and ends with time-tagged command products ready to be uplinked to the spacecraft.

Figure 1: SNOOPI spacecraft

Organizations Involved

Figure 2: SNOOPI SoOp concept
For the transmitter satellites, SNOOPI will be
utilizing signals broadcast by the Navy’s Mobile
User Objective System (MUOS) satellites. The 5
Mansell

The SNOOPI ground segment is a collaboration
between Purdue University, Goddard Space Flight
Center (GSFC), and NASA’s Advancing Collabo2
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rative Connections for Earth System Science (ACCESS) program. ACCESS facilitates uplink and
downlinks with the SNOOPI spacecraft through
the Near Space Network. The Mission Operations
Center (MOC) at GSFC provides spacecraft command products to ACCESS and receives downlinked
telemetry and science data. This data is sent to
the SOC at Purdue University where it is stored
on servers maintained by the Engineering Computer
Network (ECN). GPS data from the spacecraft is
also sent to GSFC’s Flight Dynamics Facility, which
performs orbit determination and distributes 28day SNOOPI orbit ephemerides to the SOC on a
weekly basis. Corresponding orbit ephemerides for
the MUOS satellites are propagated from publicly
available two-line elements (TLEs). The SNOOPI
and MUOS orbit ephemerides are used to compute
specular point tracks, which form the basis of science
planning. The SOC generates 14-day science plans
consisting of: (i) start/end times for up to 7 instrument data captures per week, (ii) instrument configuration files for each capture, (iii) delay/Doppler
schedules for the instrument to correlate the direct
and reflected signals, and (iv) schedules of attitude
quaternions specifying the slew maneuver for each
data capture. Science plans generated by the SOC
are sent weekly to the MOC at GSFC where the
spacecraft command sequences are finalized and sent
to ACCESS for uplink. The purpose of producing
14-day plans on a weekly basis is to provide a buffer
in case the science planning cycle is delayed. Figure 3 summarizes the roles of the different organizations.
Ground Segment

TLEs for P-band sources

NASA

2. Specular point predictions and observation
scheduling using linear programming
3. Modification and approval of the proposed
schedule by the user
4. Slew maneuver optimization and science plan
generation
The structure of this paper mirrors these steps,
beginning with the tool used to assign priorities.
OBSERVATION PRIORITIZATION
Observation Types
SNOOPI science plan generation begins with input from the user. The user specifies the objectives
for the upcoming week of observations by setting priorities for the different types of SNOOPI measurements and defining regions of interest (ROI) where
observations are desired. There are three types of default observations. These are observations that are
not associated with any user-defined ROIs. They
are:
• SMAP Cal/Val Sites: observations of RZSM
near one of the 9 SMAP calibration/validation
sites in North America. These sites have sensors to directly measure RZSM8, 9 and provide
a ground truth for the soil moisture inferred
remotely from SNOOPI using the 370 MHz
channel.
• Snow Observations:
255 MHz channel.

Publicly
Available TLEs

• CONUS Transects: observations of specular
point tracks that cross the Continental United
States using the 370 MHz frequency.

GSFC
External

SOC

SNOOPI orbit
determination

Observation
Planning

PI
OO
SN
To

Purdue

Flight Dynamics
GPS data

SMAP cal/val site observations are critical to
validating the SoOp technique for P-band. Since
the Fresnel zone for the reflected P-band signal is 9
km in radius, the specular point must pass at least
this close to one of the cal/val sites to complete a
measurement. Thawed ground and an angle of incidence < 60◦ are also required. Finally, it is desirable to encounter a standing body of water such as
an ocean or lake along the observed specular point
track. Since water is more reflective than soil in Pband, the change in reflectivity moving from waterto-land or land-to-water will help verify the location
of the specular point when post-processing the captured data. This will help confirm that the specular
point has in fact passed within 9 km of a cal/val site.
Cal/val site passes are generally the highest priority
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Figure 3: SNOOPI ground segment
Steps in Science Plan Generation
The process of science planning follows 4 steps:
1. Definition of observation priorities and regions
of interest (ROI) by the user
Mansell

of SWE using the
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for the SNOOPI mission, but given the 9 km constraint they are also relatively infrequent. On average, they will occur only about once per week.
Snow observations are less constrained. They require at least 80% snow coverage on the land crossed
by the specular point’s track but can be done anywhere in the world. Given SNOOPI’s orbit inclination of 51.6◦ , this will restrict snow observations to
winter months. Only about 20 snow observations
are planned for the mission. They are considered
medium priority.
Finally, CONUS transects are the most frequent
default observation. There is always at least one
CONUS transect opportunity per day. They are
considered low priority and the intent is to use them
to build up a map of RZSM through frequent observations that fill the schedule between higher-priority
measurements.

and 255 MHz calibration. The calibration options
mean that SNOOPI will slew to point one of the null
zones of the corresponding antenna pattern towards
the direct signal. This will be useful for calibrating
the instrument for the orbital RFI environment.10

Region and Priorities Editor

Figure 4: ROI and priorities editor

The default observations do not provide the user
with much control over the activities of the satellite.
In any given week, the science team may be interested in specific regions of the Earth or desire observations that do not fall neatly into the categories of
RZSM or SWE. For this, the front end of SNOOPI’s
science planning software includes a tool for creating and modifying ROIs, including their priority,
frequency to be observed, and the number of measurements desired from the region. The spacecraft
scheduler will later search for specular point tracks
that intersect an ROI and consider them for the science plan. The tool is programmed in MATLAB®
and a screenshot of the user interfaced is shown in
Figure 4.
The tool displays a map of the Earth with the
SMAP cal/val sites indicated. The user can zoom
in/out and manipulate the map freely. At the top of
the control bar in the right of Fig. 4, the user can set
the priorities of the default observations on an integer scale of 1 to 10, with 10 symbolizing the highest
priority. Below, the user can select from a menu of
existing ROIs or create a new one by clicking the
“Add New Region of Interest Button” and drawing the vertices on the map. Once created, ROIs
can be edited by moving their vertices, renamed, assigned a priority, and set for a desired number of
observations. The spacecraft scheduler will never
schedule more than the requested number of observations from the ROI in any 14-day planning period. The user can also edit the frequency of the
measurement desired from each ROI. There are four
options: 370 MHz, 255 MHz, 370 MHz calibration,
Mansell

Clicking “Save” makes the current ROIs accessible to the observation scheduler and also preserves
them in the tool so they can continue to be edited
at a later time.
AUTOMATED SCHEDULING
Specular Point Calculation
With the priorities and ROIs for the current science planning cycle defined, the next step is to create a schedule of candidate observations that conduct high-priority measurements while adhering to
the power and memory limitations of the spacecraft.
This begins with predicting the location of the specular point. The specular point is where RZSM or
SWE will be measured using SoOp and is the reflection point that produces the minimum path delay
between the transmitter, surface, and receiver.11
To solve for the specular point at any time during the 14-day planning period, we use the orbit
ephemerides of SNOOPI and the propagated positions for the MUOS satellites to first determine specular points on the WGS84 ellipsoid. Since there are
5 MUOS satellites, there are up to 2 specular points
at each time (one for each MUOS satellite visible to
SNOOPI). We downselect the specular point with
the lowest incidence angle. In the case of MUOS 1
and 5, which are in similar orbits, we currently use
only MUOS 5.
The WGS84 solution becomes the initial guess
for determining the specular location on Earth’s terrain. We create a 1◦ latitude × 1◦ longitude grid
4
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about the WGS84 guess and use the Earth2014 terrain model to find the grid point minimizing the total path length from MUOS, to the terrain surface,
to SNOOPI.12 The end result of repeating this on
every time step of the orbit ephemerides is a predicted path of the specular point. The time resolution is 4 Hz, since this is the resolution needed for
the eventual delay/Doppler schedules.

Not all points along the specular point’s track are
valid for observation. Each MUOS satellite’s coverage of Earth is provided by 16 overlapping spotbeams that cover the entire footprint of the satellite.13 Autocorrelating the direct and reflected signals received by SNOOPI requires that both originate from the same transmitter (lest there be no
correlation). Thus, it is essential that both SNOOPI
and the specular point are located within the same
MUOS spotbeam to conduct a measurement. To
model the spotbeams, we have assumed the cones
projected by the beams are arranged in a pentagonal geometry with a 5◦ half-cone angle for each
beam. Figure 5 depicts the spotbeam model. Figure 6 shows a cross section of the beam cones projected onto the disc of the Earth as viewed from the
MUOS satellite.

Figure 6: MUOS spotbeam model cross section.
Each point along the specular point’s track is assigned to one of the MUOS spotbeams depending
on which spotbeam boresight vector it is closest too.
If the specular point spotbeam matches SNOOPI’s
spotbeam at the same time step, that point is valid
for observation. The set of all valid specular points
is therefore broken into discrete “arcs” with gaps between spotbeam transitions. Figure 7 shows a sampling of arcs over the United States. The goal of
science planning is to select up to 14 specular arcs
in any two-week period to schedule for observation.

Figure 7: Example candidate observation arcs
over 2-weeks separated by MUOS spotbeam
transitions.
Figure 5: MUOS spotbeam model.
Mansell
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Specular Arc Prioritization

Hence, there becomes a well-defined ranking from
highest priority arc to lowest priority arc, and the
relative priority of an arc can never override its class
priority (since relative priorities are > −1).
The final step to prepare the specular arcs for
the linear program is to downselect only a single arc
on each orbit as the observation candidate for that
orbit. This is necessary because it is not possible to
schedule more than a single science observation on
any given orbit; though the data capture itself may
last only 5–10 minutes, warming up the instrument
so it can thermally stabilize takes about 100 minutes
(i.e. ∼one orbit). To perform the downselection, a
start and end time is defined for each SNOOPI orbit
according to crossings of the celestial meridian and
the arc with the highest total priority within that
time span is selected as the observation candidate
for that orbit.

Selection of the specular arcs by the automatic
scheduler is handled by integer linear programming.
But before this formulation can be applied, further
classification and prioritization of the arcs is needed.
First, each arc is classified as follows:
• If the specular arc comes within 9 km of a
SMAP cal/val site and meets the other requirements for a cal/val pass, it is classified
as a cal/val pass.
• If the specular arc intersects one of the userdefined ROIs, it is classified as an ROI.
• If the specular arc has at least 80% predicted
snow coverage over land, it is classified as a
snow arc.
• If the specular arc intersects CONUS and is
not otherwise classified as the above, it is classified as a CONUS transect.

Linear Program Scheduler
We are now ready to formulate a linear program
whose solution is the optimal observation schedule. The SNOOPI spacecraft has only two highlevel modes: sun-point mode, in which the satellite
maintains its solar panel towards the sun and can
communicate with the ground, and science mode for
observations. The decision variable is therefore to
decide for each orbit whether SNOOPI should conduct an observation or remain in sun-point mode on
that orbit. The objective is to conduct as many highpriority observations as possible. We can represent
this with the following linear objective function:

• If none of the above criteria apply, the arc is
left unclassified.
Each specular arc inherits the priority of the type
of arc it is classified as, with unclassified arcs being
priority 0. If multiple classifications apply, the arc
is set to the class with the highest priority. Using
the settings depicted in Fig. 4, for example, an arc
classified as a cal/val site overpass would be assigned
priority 8, while a snow arc in CONUS would be assigned priority 4. This creates a problem, however,
as it means that many arcs will have identical priorities, making it difficult to choose between them.
To get around this issue, we introduce the concept
of relative priority. Relative priority applies to arcs
within the same classification. It is calculated for
each class as follows:

max f ⊺ x
x

Where f is a column vector of total priorities of the
arcs downselected for each orbit and x is a column
vector of 1’s and 0’s specifying whether an observation is conducted on each orbit. A value of “1”
in the ith row of x indicates that an observation is
scheduled for the ith orbit while a value of 0 indicates that SNOOPI will remain in sun-point mode.
At the start of the mission there will typically be
217 orbits in two-weeks, meaning that both f and
x are 217 × 1. The objective function computes the
sum of the priorities for all of the observations that
are scheduled.
The number and spacing of the observations is
limited by constraints on battery charging, memory
capacity, and uplink volume. The battery state of
charge must not drop below 70%. Typically, it takes
about 5 orbits to fully recover the energy spent on a
science observation, but this varies with the chang-

• For cal/val arcs, the relative priority is
−(closest distance to site in km)/10
• For ROI arcs, it is

−1
(no. of points within the ROI)

• For snow arcs it is

−1
(no. of points with 80% snow)

• For CONUS arcs it is

−1
(no. of points within CONUS)

Unlike the class priorities, the relative priorities are
designed so that less negative is better and no relative priority is less than −1. The advantage of this
is that we can define the total priority of an arc as:
total priority = class priority + relative priority
Mansell
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ing solar β-angle of the orbit. We can approximate
the battery charging constraint with the following
linear inequality:
Px + P̄(1217×1 − x) ≥ 0212×1

This constraint uses a 30-orbit sliding window for
the rows, since it will generally take about 30 orbits to fully downlink 10 minutes of stored science
data. The elements of D̄ are determined by computing the length of ground station contacts based
on SNOOPI’s orbit ephemerides, multiplying by the
data rate, and lastly dividing by the total memory
capacity.
The final constraint is related to the uplink volume. To keep the amount of science planning products and spacecraft commands within the uplink
budget, it has been decided that the mission should
complete no more than 1 science observation per day
on average. For a 14-day planning horizon, this can
be represented by the inequality:

(2)

The variable P is a matrix whose columns contain
the change in battery charge when observations are
taken on each orbit. P̄ is a matrix whose columns
contain the change in battery charge when SNOOPI
remains in sun-point mode on each orbit. Overall,
the constraint requires that the increase in battery
charge due to charging must outweigh the decrease
in charge from science observations. The rows of
the matrices provide a sliding window of 6-orbits so
that the constraint is enforced on every 6 orbits. For
example, P̄ may look like:


4 4 5 5 5 5 0 0... 0
0 4 5 5 5 5 5 0 . . . 0




P̄ = 0 0 5 5 5 5 5 4 . . . 0
 ..
.
.
. . .. 

.
0 0 0 0 0 0 0 0 . . . 4 212×217

1⊺217×1 x ≤ 14

In other words, no more than 14 science observations
can be scheduled in 14 days.
Equations (2)-(4) can be rearranged and combined into the following compact form:




P̄ − P
P̄ · 1217×1
D − D̄ x ≤ −D̄ · 1217×1 
(5)
1⊺217×1
14

Each (i, j) element represents the % charge accumulated from charging on the j th orbit, in this example
either 4% or 5% as the β-angle changes. The sliding
window technique in the rows increases the number
of constraints to satisfy, but mitigates the limitation
that the linearity of the inequality cannot represent
the fact that the battery charge saturates at 100%.
If there were only a single charging constraint across
all of the orbits, the solution could charge for many
orbits initially and ”bank” an excessive amount of
charge to spend on an unrealistic schedule observations later on. A window size of 6 was selected because this is generally the smallest number of orbits
for which an observation can be conducted and the
battery fully recharged. As a result, there are 212
rows as the window slides over all orbits.

The matrix on the left-hand side is 401×217 and the
vector on the right-hand side is 401 × 1. Equation
(1), subject to Eq. (5) and the bounds that every
xi ∈ {0, 1}, is the form of the famous “knapsack
problem”. This is a problem that virtually any linear programming solver is suited to solve. We use
MATLAB’s® “intlinprog” routine to obtain solutions in fractions of a second.14 The solution vector
x identifies which orbits and therefore which specular arcs are scheduled for observation. The proposed
observation schedule is exported to the next part of
the science planning process.
SCIENCE PLAN GENERATION

A similar constraint can be constructed for the
spacecraft’s memory. Each 5-minute science observation occupies roughly 50% of the spacecraft’s
memory allocated to science data storage. Each 10minute observation occupies 100%. Freeing up memory can be done by downlinking the stored data,
which can only be done with SNOOPI in sun-point
mode. Using D to represent the memory % accumulated on each orbit when in science mode and D̄
to represent the change in memory % due to downlinks on each orbit in sun-point mode, the spacecraft
memory constraint is:
Dx + D̄(1217×1 − x) ≤ 0188×1
Mansell

(4)

Plan Editing and Approval
Once the automatic scheduler has produced
an optimized observation schedule, the user is
prompted to inspect and approve this schedule. Figure 8 shows the interface that the user is presented
with. The user can select any of the scheduled specular point tracks (“arcs”) from a drop-down menu
or parse through them one-by-one. When an arc is
selected, the arc is shown in a geographic plot in the
lower left that the user can manipulate.

(3)
7
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Figure 8: Schedule approval tool
The measurement frequency, capture start time,
and capture length in minutes are also updated to
the values for the selected arc. The user can edit any
of these values. For example, to start the arc earlier or later, the user can simply edit the “Capture
Start UTC” field. The measurement frequency can
be selected from 370 MHz, 255 MHz, or the calibration modes. Observations are nominally 5-minutes
in length, but the user can also select a 10-minute
observation if desired from the corresponding dropdown menu. Lastly, the user can reject a proposed
observation by unchecking the “Approve” check box.

plot color and color bar for the arc to show the incidence angle, the predicted freeze-thaw state, predicted snow coverage, or the predicted RZSM. The
latter three leverage climatological data from the
SMAP and Terra missions.15–17 ROIs can also be
toggled on the map.
If the automatically scheduled observations fail
to meet the observation goals for the week, the user
can augment the proposed schedule with manually
selected arcs. Clicking the “Add a Custom Observation” button plots all of the specular tracks for
the selected date colored according to the desired
scheme (RZSM, free-thaw state, etc.). The user can
then select the arc they would like to add to the
schedule and click “Add Arc”. The arc will then
appear alongside the automatically scheduled arcs
in the top left drop down menu, and the user can
modify the measurement frequency, start time, and
length as before. Paying attention to the state-ofcharge and memory usage plots is especially important when manually adding observations, since constraint satisfaction is no longer being guaranteed by

Whenever changes are made, plots of the estimated battery charge and memory usage over the
14-day planning period are updated automatically
on the right side of the interface. These constraints
are one reason a user might decide to reject scheduled observations. Whereas the scheduler used linear
approximations of the charge and memory, the plots
include saturation at 0 and 100%.
To help assess whether a proposed observation
is scientifically interesting, the user can adjust the
Mansell
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LHCP

the linear program. If the user attempts to produce
a science plan where the predicted memory usage
reaches more than 100% or the state-of-charge drops
below 70%, a warning will be displayed.
Finally, the buttons in the bottom right corner
allow the user to import schedules from the automated scheduler, load/save modified schedules, and
generate a science plan from the approved observations. Generating a science plan initiates the process of slew maneuver design, ionospheric delay correction, and instrument configuration file generation
for each approved observation.

RHCP
Slew Maneuver Design

Since SNOOPI’s P-band antennas are fixed to
the spacecraft, it is important to conduct science observations from an attitude that provides sufficient
gain to both the direct and reflected signals. Figure 2 provides a simplified representation of how the
direct and reflected signals are incident on the antenna gain patterns. The direct signal is right hand
circularly polarized (RHCP) while the reflected signal is left hand circularly polarized (LHCP), leading
to two antenna gain patterns that must be considered. SNOOPI’s attitude must be chosen such that
the angles of the direct (γ) and reflected (γ ′ ) signals produce sufficient gain on their respective antenna patterns. The figure also makes it clear that
these angles will change during an observation as
the spacecraft moves along its orbit. Thus, it is necessary to slew the spacecraft to maintain adequate
gain throughout the 5 or 10-minute observing period. This is very different from a conventional attitude slew which seeks to keep an instrument pointed
towards a surface target. Designing slew maneuvers
for SNOOPI is therefore one of the unique and interesting challenges for the mission.

z
370 MHz

y
x

The actual antenna gain patterns are 3dimensional. There are four patterns: one for each
frequency and polarization. Figure 9 shows the
370 MHz patterns, including their orientation relative to the spacecraft bus. Though the antenna
has a wide beamwidth, null zones are clearly visible
as blue bands in the figure. The 255 MHz patterns
have a similar geometry.
Mansell

Figure 9: Gain patterns for the 370 MHz antenna.
To design the attitude slew for an observation, an
optimization problem is formulated to maximize the
9
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gain of the direct signal integrated over the length
of the observation while adhering to several constraints. They are:

The nodes are specified in terms of Euler angles,
giving a design vector of 12 variables. The attitude
at any time in-between the nodes can obtained using cubic interpolation. Though the ACS operates
with quaternions, using Euler angles for slew design
reduces the number of design variables and avoids
an additional constraint that the magnitude of each
quaternion must be 1. Using only four attitudes also
keeps the number of design variables down. Indeed,
it is not necessary to optimize a continuum of attitudes during the slew to obtain a good solution, and
four nodes permit a family of non-linear slew trajectories that can speed up or slow down the slew rate
during the maneuver.
The slew design problem is solved using the
generalized pattern search routine in MATLAB® .18
This choice of algorithm is driven mainly by the need
for a high degree of parallelization. Pattern search
works by polling the value of the objective function
across a mesh of points centered on the current design value. Depending on which point has the minimum value, the mesh is either contracted or shifted
to a nearby point. Evaluating the objective function
for slew design requires querying the antenna gain
pattern at many time steps between each attitude
node. This is slow if the objective function must be
evaluated sequentially. In pattern search, objective
function evaluations on the mesh are independent of
one another, allowing parallelization. To help condition the optimization problem for the algorithm, the
objective is Rreformulated as a minimization problem
t
minimizing 0 f {Gd,max −Gd }dt, where Gd,max is the
peak gain for the appropriate pattern.
Constraints are incorporated using the exterior
penalty method. This converts the problem into unconstrained optimization by applying a penalty to
the objective function value whenever a constraint
is violated. The larger the violation, the larger the
penalty. This helps direct the pattern search solver
to the feasible region of the design space. Table 1
presents the penalty value formulas for each constraint.
The first constraint ensures that any time Gd −
Gr > 3 dB the integrand is non-zero and a penalty
is produced that is proportional to the severity and
length of the violation. In the second constraint,
V (t) is a piecewise function that is non-zero whenever the angle θ between the star tracker and either the Sun, Moon, or Earth limb is less than 45◦ .
The variable Λ is the half-cone angle occupied by
the Earth (assumed spherical) and θSun,M oon,Earth
are the angles between the star tracker and the centers of the respective celestial objects. The slew rate
penalty determines the max rotation rate during the

• The direct gain Gd must be no more than 3 dB
greater than the reflected signal gain Gr at all
times
• The Sun, Moon, or Earth must never come
within 45◦ of the star tracker boresight.
• The slew rate must never exceed a rate of
0.29◦ /sec about any axis
• The boresight of the GPS antenna must never
point more than 30◦ below the Earth limb
The first constraint ensures that the reflected
gain is not sacrificed at the expense of maximizing
the direct gain. Retrieving RZSM or SWE from the
reflection requires similar gains for both the direct
and reflected signals. Incorporating the reflected
gain as a constraint rather than an objective avoids
the complexity of formulating the slew design as a
multi-objective optimization.
The next two constraints relate to the attitude
knowledge of the spacecraft. Retrieving RZSM or
SWE requires accurate knowledge of the received
gains, and thus accurate knowledge of the spacecraft
attitude relative to the received signals. SNOOPI’s
attitude control subsystem (ACS) is designed to provide < 0.1◦ attitude knowledge accuracy using a star
tracker. To meet this requirement, the star tracker
must be kept away from bright objects and rotated
slowly to avoid blurring images. The star tracker is
on the right side of Fig. 1.
The final constraint ensures reliable position
knowledge for the spacecraft. This is important
for determining the actual location of the specular
point and delay/Doppler of the reflected signal during post-processing of the science data (as opposed
to values derived from the orbit predictions during
planning). Since the GPS antenna has a 75◦ halfcone beamwidth, this constraint still leaves 45◦ of
sky visible. If the GPS lock is lost, the trajectory
can be reconstructed to within 10 meters via orbit
determination from GPS positions before and after
the observation. This is unlikely, however, as the
GPS antenna is on the same side of the spacecraft
as the 370 MHz antennas, which is the side that is
normally pointed in the direction of the direct signal.
The design vector for the optimization problem
is a sequence of four attitude “nodes” during the
observation: an initial attitude at the start of the
observation, 1 attitude at 1/3 of the duration of the
slew, another at 2/3 duration, and a final attitude.
Mansell
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The Euler angles describing the attitude follow a 32-1 (yaw-pitch-roll) sequence from the J2000 frame
to the spacecraft body frame.

slew and applies a penalty proportional to the violation in excess of 0.29◦ /s. Lastly, the GPS boresight constraint operates similarly to the star tracker
penalty except that the integrand function is proportional to the angle of the boresight below the horizon
and only activated if it is more than 30◦ below.
Table 1: Slew constraint penalty formulas
Constraint
Reflected gain
Star
tracker
pointing

Penalty Formula
Rt
9 0 f max[0, (Gd (t) − Gr (t) − 3 dB)]dt
Rt
9 0 f V (t)dt where
V (t) = 1 if θSun,M oon (t) < 45◦ or
θEarth (t) < 45◦ + Λ;
V (t) = 0 otherwise

Slew rate
GPS boresight

max[0, 104 (ωmax − 0.29◦ /s)]
Rt
9 0 f V (t)dt where
V (t) = Λ − θE if θE < Λ − 30◦
V (t) = 0 otherwise

The design of the penalty functions was somewhat ad hoc. More conventional exponential or
polynominal penalty functions proved difficult to
scale so that the penalty values were on a similar
order of magnitude as the objective function. This
meant that pattern search would often fail to find
a slew that respected all constraints, or stop with a
feasible slew that was nonetheless poorly optimized.
Scaling the penalties to produce reliable results is
the purpose of the coefficients of 9 in the gain, star
tracker, and GPS constraints and 104 in the slew
rate constraint. Also note that the constraints have
varying margin. The actual baffle for the star tracker
has only a 22.5◦ half-cone angle, meaning that small
violations of the 45◦ constraint are inconsequential.
The use of 0.29◦ /s for the slew rate penalty threshold helps keep solutions on the feasible side of the
actual 0.30◦ /s constraint.
For speed, the integrals are all evaluated with a
left-rectangular approximation using 1-second time
steps and the code is highly vectorized so solutions
can be obtained in less than 5 minutes. Once the
solution of 4 attitude nodes is obtained from optimization, the slew maneuver is fully defined by interpolating the intermediate attitudes at 1-second
time steps. Figures 10 through 14 give an example
solution for the arc pictured in Fig. 8 with the slew
optimized for the 255 MHz channel. Note that the
coordinate frame used by SNOOPI’s ACS is different
than the one used for the gain patterns in Fig. 9; the
x-axis comes out of the solar panels (y-axis in Fig. 9)
and the y-axis is opposite to the x-axis in the figure.
Mansell

Figure 10: Antenna gains during an optimized slew maneuver for the 255 MHz channel.

Figure 11: SNOOPI attitude during the example slew maneuver.
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Figures 10 and 11 illustrate the general behavior
of the slew. To maximize the direct (RHCP) gain,
the spacecraft points the highest gain portion of the
antenna pattern towards the MUOS 5 satellite which
is almost directly south of the specular track on a
distant geosynchronous orbit. If there were no constraints, the attitude could simply track direct signal
with the maximum gain of the pattern. Yet, as the
slight downward curve of the 255 MHz direct gain in
Fig. 10 shows, some of the direct gain must be sacrificed to ensure the slew constraints are met. This
is visible in the way that the 255 MHz reflected gain
runs almost parallel to the direct gain in an effort
to remain within 3 dB. It is also apparent in Fig. 12
where the star tracker angle to the Earth limb approaches the 45◦ constraint boundary towards the
end of the slew. The other attitude constraints are
well within their acceptable bounds. Notice that the
4 attitude node points can be clearly seen as sudden
changes in the angular rates in Fig. 13. Overall, the
slew maneuvers SNOOPI’s attitude by roughly 20◦ .
Optimized slew maneuvers are converted into a
schedule of body frame-to-J2000 quaternions sampled at 1 Hz for SNOOPI’s ACS to follow. These
quaternion schedules are one of the main products of
the science planning process and are designed to be
uploaded directly to the spacecraft alongside timetagged commands for activating them. Each schedule includes a “warm-up” period where the initial
attitude is repeated in the schedule for 5-minutes
prior to the start of the slew. This allows SNOOPI
to converge to the initial attitude before the observation begins. Simulations of ACS performance
tracking the slew schedules in the “42” orbit and
attitude propagator show that the pointing error is
kept below 3◦ and attitude knowledge is maintained
to within 0.05◦ .

Figure 12: Star tracker constraint angles during the example slew maneuver.

Figure 13: Angular rates during the example
slew maneuver.

Calibration Slews
Most attitude slews will be designed to maximize
either the 370 MHz or 255 MHz direct gain as described in the previous subsection. To calibrate the
instrument and measure the amount of P-band RFI
in the orbital environment, the user can also schedule calibration measurements. If, during observation
plan approval, the frequency for an observation is selected as “255 MHz Calibration” or “370 MHz Calibration”, the slew optimizer will instead attempt to
minimize the the direct gain of the selected signal.
During these slews, the attitude solution is usually
to orient one of the null bands of the antenna pattern
towards the nearest MUOS satellite.

Figure 14: GPS boresight angle during an example slew maneuver.
Mansell
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Ionospheric Delay Correction

of the comparison result are shown in Fig. 16. Overall, the data points exhibit a symmetrical normal
distribution around the symmetry line and most of
the data lie within the expected error bound.

To perform auto-correlation between the direct
and reflected signals, the SNOOPI P-band instrument must be supplied with the difference in both
the path delay and Doppler shift between the reflected and direct signals. Doppler shifts are easily computed from SNOOPI’s and the transmitting
MUOS spacecraft’s propagated orbits and by assuming that the specular point is a stationary transmitter fixed on the rotating Earth. Determining the
path delay is more complex. Both direct and reflected signals are affected by the slant total electron content (STEC) of the ionosphere along their
respective paths. This can produce errors in the
pseudo range of up to 4.5 km at P-band frequencies.
We are employing the NeQuick-2 model to accurately predict the relative path delay for SNOOPI.
NeQuick-2 is a 3-dimensional ionospheric electron
density model as a function of the two endpoint
coordinates, observation time and either the R-12
or F10.7 cm flux value. NeQuick integrates electron density along a signal path to obtain the STEC
value. Compared to other single layer ionospheric
models such as the Klobuchar’s model, NeQuick allows more accurate estimation of the STEC value
when one of the end points is in Low Earth Orbit
where the electron density is dependent on the altitude. For SNOOPI’s application, NeQuick-2 allows an accurate estimation for the delay between
the transmitter to specular point, specular point to
receiver, and transmitter to receiver. Figure 15 provides an example of the electron density profile for
a single observation on Nov. 1, 2022. For a given set
of SNOOPI, MUOS, and specular point positions.
The only other input required is the F10.7cm solar
flux. During the flight we will be using F10.7cm
predictions from the 27-day Space Weather Outlook
generated by National Oceanic and Atmospheric Administration.19
The NeQuick model is targeted to reduce the
residual of the STEC to less than 20 TECU or 30% of
the total STEC value at a confidence interval of 1σ.20
To evaluate the accuracy of the NeQuick model, we
conducted a comparison between NeQuick-2 and the
TEC observation generated by dual frequency GPS
tracking stations. We selected February 6, 2022, a
medium solar activity day in solar cycle 25, as the
comparison day. The observed F10.7 value for this
day was 124. Our study included observations from
randomly selected stations at low latitudes (< 30◦ ),
mid latitude, and high latitude (> 60◦ ). The observations were further divided into daytime (local
time 8-20h) and nighttime observations. The results
Mansell

Figure 15: Example of the electron density profile of a single observation based on
NeQuick 2 model.

Figure 16: Comparison of NeQuick modeled
and observed STEC for GPS satellites at different latitude and time of the day. The
red lines indicate the expected error bounds.
LL=low latitude, ML = mid latitude, HL =
high latitude; DT = daytime, NT = nighttime.
Once the STEC for each signal path is determined, the group delay (delay in pseudorange) along
each path follows the approximation:
∆τ ≈

40.3
· ST EC
f2

where ∆τ is the ionospheric delay in meters, f is the
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signal frequency in Hz, and STEC is in electrons/m2 .
The ionospheric delay is added to the distance of
each path and converted into milliseconds. For each
observation in the science plan, a schedule of relative delays (reflected − direct) and relative Doppler
values sampled at 4 Hz is produced. The schedules
are designed to be uploaded to the spacecraft and
read by the instrument during science observations.

observations manually. Upon the user’s approval of
the schedule, the software handles the design of slew
maneuvers optimized to produce high antenna gains
despite various attitude constraints, relative delay/Doppler schedules that account for ionospheric delays, and instrument configuration files for each observation.
Flexibility of the science planning software is
critical. SNOOPI is ultimately a technology demonstration mission. Though much of the demonstration centers around the instrument and retrieval
technique, the mission is also a demonstration of
the process of planning and executing daily SoOp
measurements across the globe. Our team expects
to continue evolving the planning technique in response to lessons learned on-orbit. The hope is that
these lessons will eventually inform the design and
operations of future satellite constellations that use
P-band SoOp to monitor global RZSM and SWE
with daily revisit times.

Instrument Configuration Files
The final science planning product are the instrument configuration files. These contain the settings
for the P-band instrument. A full discussion of these
settings is beyond the scope of this paper, but it suffices to say that most of them do not change between
observations. Thus, generating the instrument configuration files consists of copying a template configuration file and editing specific settings such as the
start time to be consistent with the planned observation.
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When the attitude slew schedule, delay/Doppler
schedule, and instrument configuration file for each
observation are produced, the science plan is complete. The files are sent to the MOC at GSFC
where the SNOOPI flight software team produces
time-tagged commands for starting and ending each
science observation. The commands, along with
the attitude/delay-Doppler schedules and instrument configuration files are then sent to ACCESS
for uplink to the spacecraft. The entire science
planning cycle, from setting priorities to generating
the science planning products, takes about 2 hours.
Thus, SNOOPI orbit ephemerides can be received
on a Monday, the science plan can be determined
on Tuesday, and spacecraft commands can begin to
be uplinked to SNOOPI before close of business on
Wednesday. The high amount of automation in optimal scheduling and slew design keeps the SOC focused on high-level decisions, making the high observation cadence feasible.
Automation does not come at the sacrifice of
flexibility, however. The priority editing tool allows users to specify exactly where and what types
of measurements are desired and set their priority.
The automated scheduler can then create a prioritymaximizing schedule using linear programming that
respects spacecraft power and memory constraints as
well as the complexities of the specular point’s path.
The user can then inspect the proposed observations,
reject them, modify them, or even add entirely new
Mansell
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